The way in which a balanced vaginal microbiome helps prevent gynecological diseases in women and maintain health remains to be fully elucidated. In the present study, the potential effect of aberrations in the vaginal flora on unexplained recurrent miscarriage (RM) was investigated. The vaginal bacterial communities of 10 patients with unexplained RM and 10 healthy volunteers were sampled and subjected to sequencing analysis of the V3-V4 regions of the bacterial 16S ribosomal RNA gene using the Illumina MiSeq platform. Beta diversity analysis/principal component analysis indicated that bacterial community structures were different between the RM and control groups. A lower microbiota diversity in samples from RM patients was revealed by alpha diversity estimation. Taxonomic analysis demonstrated that abundance of three types of phyla (Firmicutes, Actinobacteria and Bacteroidetes) was significantly different between the RM and the normal control group. Furthermore, at the genus level, Lactobacillus was the most dominant genus in the two groups. Statistically significant differences were observed in 5 genera between the two groups. In the RM group, 3 bacterial taxa (Atopobium, Prevotella and Streptococcus) were significantly more abundant, while only 2 taxa were overrepresented in the control group (Lactobacillus and Gardnerella). In conclusion, the present results provide experimental evidence supporting dysbiosis of the vaginal flora in women with RM.
Introduction
Unexplained recurrent miscarriage (RM) is defined as ≥3 consecutive idiopathic miscarriages prior to the gestational age of 12 weeks of pregnancy. RM affects 1-2% of females attempting to conceive and represents a considerable challenge for physicians (1,2). RM may be explained by genetic abnormalities, maternal immunological causes and endocrine dysfunction only in a minority of cases, while the majority of cases are diagnosed as unexplained RM (3) . The vagina harbors different species of bacteria in variable quantities and relative proportions that have important effects on the health of women (4) . A healthy vaginal flora, dominated by Lactobacillus species, has an important role in the protection against genital infections, which are considered as a common cause of miscarriage (5) . A change in the bacterial flora of the vagina is represented by a decrease of Lactobacillus and overgrowth of several anaerobic or facultative bacteria, including Mobiluncus species, Prevotella species, Gardnerella vaginalis and genital Mycoplasm: Mycoplasma hominis and Ureaplasma urealyticum (6) . At present, bacterial vaginosis is thought to be mainly caused by vaginal dysbacteriosis, which may lead to premature birth, premature rupture of membranes, low birth weight at premature birth, RM, chorioamnionitis and a series of diseases (7) .
Advances in sequencing technologies and analytical methods have enabled the exploration of the human microbiota (8) . At the end of 2007, the US National Institutes of Health invested hundreds of millions of dollars to start a five-year human microbial genome project, mainly using high-throughput sequencing technology analysis of different parts of the body's bacterial community structure and the female vaginal micro-ecological environment is an important part of this program (9, 10) . Theoretically, 16S ribosomal (r) RNA gene sequencing is designed to detect most pathologival bacteria. Via this method, bacteria that are not detectable by cultivation and empirical antibiotic treatments are identifiable. In addition, this method may be utilized to identify novel pathogens that have not been previously recognized as etiologic agents (11) .
The diversity of the microflora in the female reproductive tract is affected by various drugs, as well as changes in the environment, and the host's hormone levels and immune system (12) . Numerous studies have demonstrated that the microbial balance in the reproductive tract is closely associated with a poor outcome of pregnancy (13) (14) (15) (16) . However, due to the complex etiology and pathogenesis of RM, the association of aberrations in the vaginal flora and RM has remained to Alteration of vaginal microbiota in patients with unexplained recurrent miscarriage be sufficiently elucidated. In the present study, the diversity of the vaginal microbial community in patients with unexplained RM was analyzed in order to determine the involvement of the vaginal flora in the mechanisms of RM. Women were asked to refrain from sexual activity for 3 days prior to sampling. Women were excluded from the study if they had used douches, vaginal medications or suppositories, feminine sprays, genital wipes or contraceptive spermicides, or had reported vaginal discharge in the past 48 h (12) . The secretions were scraped from the vaginal walls of the RM patients and healthy controls using aseptic swabs. From each subject, two vaginal swabs were collected. The sample centrifuge tubes were immediately placed in a prepared ice box or in a foam box filled with ice packs to maintain a low temperature. The samples were then transferred to the laboratory and stored at -80˚C.
Materials and methods
DNA extraction and polymerase chain reaction (PCR) amplification. Microbial DNA was extracted from vaginal discharge using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to manufacturer's protocols. The V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR (ABI GeneAmp ® 9700). The thermocycling protocol was as follows: 95˚C for 2 min, followed by 25 cycles at 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec and a final extension at 72˚C for 5 min. The primers used were 341F 5'-barcode-CCT ACG GGN GGC WGC AG-3' and 805R 5'-barcode-GACTACHVGG GTA TCT AAT CC-3', where the barcode is an eight-base sequence unique to each sample. PCR was performed in triplicate in 20 µl mixtures containing 4 µl 5X Fast Pfu Buffer, 2 µl 2.5 mM deoxynucleoside triphosphates, 0.8 µl of each primer (5 µM), 0.4 µl FastPfu Polymerase and 10 ng template DNA (17) . All samples were subjected to the same conditions and each sample was assessed in duplicate. The PCR products of the same sample were mixed and examined by 2% agarose gel electrophoresis. The PCR products were recovered using AxyPrepDNA Gel Recovery Kit (Axygen; Corning, Inc., Corning, NY, USA) Tris-HCl elution (18) .
Illumina MiSeq sequencing. The PCR products were quantified using the QuantiFluor™-ST Blue Fluorescence Quantitative System (Promega Corp., Madison, WI, USA) after obtaining the initial quantitative results of the electrophoresis, followed by mixing the corresponding proportions according to the sequencing requirements of each sample. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction kit (Axygen; Corning, Inc.) according to the manufacturer's instructions and quantified using QuantiFluor™-ST (Promega Corp.). Purified amplicons were pooled in equimolar amounts and paired-end sequenced (2x250) on an Illumina MiSeq platform according to the standard protocols.
Processing of sequencing data. Sequences produced by Miseq sequencing contain barcode sequences, and the primers and linker sequences are added at the time of sequencing. First, the primer sequences were removed using Cutadapt and the pairs were merged into a sequence according to the overlap between paired-end (PE) reads by using The PE reAd merger (19) . Next the sample data were identified and distinguished according to the barcode tag sequences. Finally, quality control and filtration of each sample was performed using Prinseq (20) to obtain data.
Raw fastq files were demultiplexed and quality-filtered using FLASH (21) with the following criteria: i) The 3' end of the sequencing primer was removed and the Read1 3' end sequencing link was TGG AAT TCT CGG GTG CCA AGG AAC TC; ii) according to the overlap between PE reads, pairs of reads were merged into a sequence, and the allowed maximum mismatch ratio of the splicing sequence overlap area was 0.1; iii) data for each sample were divided from the merged data according to each sample's barcode sequence; iv) the reads were truncated at any site receiving an average quality score of <20 over a 10-bp sliding window; if the average quality value of the window was <20, the back-end base from the window was cut. v) Reads containing N sequences were removed along with the short sequence in the data, with a length threshold of 200 bp. vi) The low-complexity sequences were filtered.
Bacterial community characterization. According to the barcodes, the high-throughput pyrosequencing reads from 20 vaginal secretion samples were reassigned to samples. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff through Usearch (version 7.0; http://drive5. com/uparse/) (22) , and chimeric sequences were identified and removed using UCHIME (23) . Alpha diversity analysis was performed using the OTUs that reached a similarity level of 97%, and the species diversity in a single sample was analyzed by evaluation of Chao, abundance-based coverage estimators (ACE) and Simpon parameters using Mothur (24) . A Venn diagram was generated to illustrate the shared and unique OTUs among the groups, based on the occurrence of OTUs in a group of samples regardless of their relative abundance, and this was analyzed using the Venn Diagram package of R language tools (25) .
Beta diversity was analyzed to investigate the similarity of the bacterial community structure among groups using Weighted Unifrac distances and visualized analysis via principal component analysis (PCoA). Circos, a sample and species association map, is a visual circle diagram that describes the correspondence between sample and species. The functional profiles of microbial communities were predicted by using PICRUSt (26) . The 10,506 OTUs were normalized to the 16S rRNA copy number and their metagenomic contributions were predicted according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Based on the PICRUSt functional secondary classification results, the differences in abundance between samples were compared.
Statistical analysis. All statistical analyses were performed using R packages (V.3.2) (25). The screening criterion for analyzing differences in bacterial abundance between samples was P≤0.05. Fisher's exact test was used for comparison between samples and Welch's t-test was used for comparison between groups (27) . Finally, the P-value was verified by using the false discovery rate to obtain the q-value.
Results
Alpha diversity analysis between the case and control groups. To characterize the vaginal microbiota and potential variations associated with RM, the vaginal secretions from 10 cases of RM were collected, and those from 10 healthy women were used as a control group. In total, 745,971 usable sequences from 20 samples were obtained. A total of 10,506 OTUs were delineated at a 97% similarity level. On average, >90% of reads in a sample were retained. At a 97% sequence similarity level, Good's coverage values for all sampled bacterial communities ranged from 0.989 to 0.995 when estimated from all reads (Table I) .
Alpha diversity was applied to analyze the complexity of the bacterial diversity of the samples. In Fig. 1, a boxplot of richness estimators was generated using the QIIME toolkit, providing a clear visualization of the diversities in the different sample groups. No significant difference in Simpon, ACE and Chao diversity was identified between the control and case groups in the box plots (P>0.05; Fig. 1 ). Community richness comparison indicated that the case group had a significantly increased number of observed and estimated OTUs compared with those in the control group (P=0.037). As displayed in the Venn diagram, the groups had 1,924 OTUs in common, and the proportion of unique OTUs among the total OTUs was 43.8 and 41.9% in the case and control group, respectively. However, the case group had 63 more OTUs than the control group (Fig. 2) . This result demonstrated a significantly higher diversity in the case group compared with that in the control group. As presented in Fig. 3 , the Simpon rarefaction curves for all samples were saturated, which indicated that the 16S rRNA gene sequence was highly abundant in the database, and that the present analysis had an adequate depth to retrieve most of the information on microbial diversity.
Characteristics of beta diversity analysis between the case and control groups. In the PCoA plot (Fig. 4) , each dot represents one sample. PCoA based on 10,506 OTUs (grouped at a sequence identity of 97%) revealed a slight separation of the two different groups on the first two PCo scores, PCo1 and PCo2, which accounted for 36.8 and 29.9% of the total variations, respectively. This indicated that the development of RM may contribute to microbiota imbalance. Furthermore, microbiota disturbances may further promote the development of RM (Fig. 4) .
Comparison of bacterial communities in the case and control groups at the phylum level.
When comparing the alpha diversity between the groups, no significant differences in diversity were observed except for a higher richness index in the case group compared with that in the control group. However, the PCoA plot based on Weighted Unifrac data displayed distinct bacterial community structures in the case and the control group. To investigate the specific changes of the microbiota in the samples from the case group, the relative abundance of taxa in the different groups was assessed. Fig. 5 presents taxonomic distributions of the predominant bacteria (relative abundance, >1% of the total sequences) at the phylum level. The bacterial flora analysis indicated that Firmicutes was the most predominant phylum, accounting for 79.57 and 73.12% of the microbiota in case and control group, respectively. The second most dominant phylum was Actinobacteria (18.86% in the case group and 22.95% in the control group). Changes at the phylum level were mainly in the three most common types of bacteria (Firmicutes, Bacteroidetes and Actinobacteria). Compared with that in the control group, the relative abundance of Firmicutes in the case group was increased by 5.72%, while the Actinobacteria and the Bacteroidetes were reduced by 3.08 and 3.07%, respectively.
Comparison of bacterial communities between case and control groups at the genus level.
The bacterial diversity and relative abundance in all samples at the genus level are presented in Fig. 6 . Fig. 6A displays the composition of the vaginal flora of the patients with RM and healthy women. In the stacked bar chart, each bar represents the average relative abundance of each bacterial taxon. The top 50 taxa with high relative abundance are illustrated. All core bacteria in the vagina, including Lactobacillus, Gardnerella, Atopobium and Prevotella, were identified in the present study. Of all the detected genera, Lactobacillus of the phylum Firmicutes were the most abundant ones. Circos was then used to identify bacterial taxa that were significantly different between the groups. A Circos presentation of bacterial taxa that are differentially represented between the different groups is provided in Fig. 6B . In the case group, 3 bacterial taxa were significantly more abundant (Atopobium, Prevotella and Streptococcus), while only 2 taxa were overrepresented in the control group (Lactobacillus and Gardnerella).
Functional annotation. As displayed in Fig. 7 , a total of 14 KEGG pathways (e.g. ʻSignal Transduction' and ʻCell Motility') were more abundant in the case group and 27 pathways (e.g. ʻMetabolism of Cofactors and Vitamins' and ʻCarbohydrate Metabolism') were more abundant in the control group. However, the differences in the mean proportion of the abundance of the functional pathways between the groups were not significant (P>0.05). In the future, differences in the functional pathways specific for the vaginal microbial flora of the two groups will be further experimentally verified. 
Discussion
Previous studies on vaginal bacterial communities suggested that the human vaginal microbiota has a key role in preventing a number of urogenital diseases, including bacterial vaginosis, yeast infections, sexually transmitted infections and urinary tract infections (12, 28) . However, studies indicating a direct association between RM and vaginal microbiota are currently lacking. Compared with the intestinal flora, the vaginal flora is less diverse, and women of childbearing age may have ~40 species of bacteria and facultative anaerobic bacteria, including Lactobacillus, Bacteroides, Coccidioides, Corynebacterium, Escherichia coli, Velveti and Gardneria (29) . A previous study sampled and analyzed 396 women from four ethnic groups and identified that the common constituents of the vaginal flora may be roughly divided into five categories, of which four are able to produce a large quantity of lactic acid to generate the acidic environment in the vagina (30) . Bacterial vaginosis is characterized by a complete loss of lactobacilli and a concomitant increase in Gram-variable and Gram-negative rods, with Gardnerella vaginalis, as well as Bacteroidetes, Prevotella and Mobiluncus species being primary among them. The presence of an abnormal vaginal microbiota in early pregnancy is a recognized risk factor for preterm delivery and low birth weight (31). In the present study, the vaginal microbiome of the RM group exhibited an increased richness in species as well as a significant shift in the overall microbial diversity. A statistically significant increase in richness was observed in the RM group (P=0.037). These results suggested the presence of disorders in the profile of the vaginal microbiome in patients with RM and miscarriage may be either a cause or an effect of the altered composition of the vaginal microbiome. The PCo coefficients obtained in the PCoA analysis of the present study indicated that RM may be the most important factor contributing to changes in the vaginal bacterial composition. It was suggested that RM may be associated with imbalances in the microbiota. Local microbiota disturbances may further promote the development of RM (32) .
When comparing the alpha diversity between samples, significant differences in diversity were observed in richness indices. Furthermore, PCoA indicated distinct bacterial community structures between the two groups. To further clarify the specific differences in the intestinal microflora between the case and control groups, taxonomic analysis at the phylum and genus level, as well as beta diversity analysis were performed. At the phylum level, Firmicutes was the most predominant phylum, followed by Actinobacteria and then Bacteroidetes. Furthermore, at the genus level, Lactobacillus was the most dominant genus. Statistically significant differences in five genera were observed. In the case group, three bacterial taxa were significantly more abundant (Atopobium, Prevotella and Streptococcus), while only two taxa were overrepresented in the control group (Lactobacillus and Gardnerella). Kuon et al (33) reported that RM patients with elevated peripheral and uterine natural killer cells suffer more frequently from colonization by Gardnerella vaginalis and gram-negative anaerobes. McDonald et al (34) demonstrated that group B streptococcus is a key pathogen in intrauterine infection and a frequent cause of spontaneous midgestation abortions. Lactobacillus is one of the diverse and phylogenetically heterogeneous orders of lactic acid-producing bacteria that includes the genus Lactobacillus, as well as the genera Facklamia, Granulicatella, Leuconostoc, Pediococcus and Streptococcus (35) . The healthy human vagina is dominated by a variety of Lactobacillus species, which have an essential role in protecting women from genital infection. A deficiency in Lactobacilli may disturb the microbial balance in the vagina, frequently resulting in the syndrome of bacterial vaginosis, which is associated with a quantitative and qualitative shift from normally occurring Lactobacilli to a mixed microflora dominated by anaerobic bacteria (31) . In the present study, the three anaerobic bacteria of Atopobium, Prevotella and Streptococcus were more abundant in the case group compared with those in the control group, which was consistent with the results of previous studies.
In conclusion, the present study defined a structural imbalance in the vaginal microbiota of patients with RM, represented by an increased incidence of Atopobium, Prevotella and Streptococcus and reduction of Lactobacillus, which was identified by comparing the vaginal microbiota composition of RM patients with that of healthy individuals. PCoA analysis suggested that changes in vaginal flora may be the cause of/associated with RM. The present results point towards a novel strategy aimed at preventing the development of RM through restoring the homeostasis of the vaginal microbiome, by improvement in lifestyle or early intervention with drugs or probiotics. 
